ABSTRACT.-Impacts of climate change are amplified at high latitudes such as the Arctic Coastal Plain of Alaska. In addition, this region and adjacent offshore areas are experiencing rapid changes associated with oil and gas exploration and production. The Arctic National Wildlife Refuge's location in northeast Alaska makes it particularly vulnerable to these environmental perturbations. Recognizing this, we have implemented several collaborative investigations of at-risk bird populations and habitats since 2002. In this paper we focus on studies of shorebirds using tundra and coastal habitats. Objectives include: (1) identify important habitats for nesting and staging; (2) assess effects of development on nest predation and success rates; (3) examine post-breeding shorebird staging ecology; and (4) develop models using demographic and environmental data to evaluate causes of shorebird population declines. Evaluating impacts of changing environmental conditions on birds is an overarching objective of all studies. Initial results suggest that the impacts of development on nest success are small relative to natural variability, but could be important as additive stressors. We identified several high-use areas for post-breeding shorebirds, but also found considerable inter-annual and within-season variability in bird distribution. We are currently investigating factors associated with shorebird use of coastal habitats including availability of food resources. We recently initiated further studies on demographics of breeding shorebirds. Several years of data from multiple sites will be required to evaluate shorebird population dynamics in this highly variable and rapidly changing environment. Our studies will contribute to understanding population limitation and developing conservation actions for arctic shorebirds.
MANY SPECIES OF SHOREBIRDS have experienced dramatic population declines in recent decades (Brown et al. 2001 , ASG 2008 , the causes of which are often unknown. If current rates of decline are sustained, some of these species will become endangered in the near future. The Arctic National Wildlife Refuge (Arctic Refuge) provides important breeding and foraging habitats for several species of shorebirds. Sufficiently large numbers of shorebirds breed on the Arctic Refuge coastal plain (Brown et al. 2007 ) to make it eligible for designation as a wetland of international importance under the Western Hemisphere Shorebird Reserve Network (WSHRN 2006) and the Ramsar Convention (Ramsar 1999) , although no such designation is yet in place. Additionally, coastal areas of the Arctic Refuge provide important foraging habitats for post breeding shorebirds. These shorebird populations face multiple environmental challenges throughout their lifecycle, including at their breeding sites. On the Arctic Refuge, climate change and human development pose potential challenges for shorebirds.
Effects of climate change are especially intense in the Arctic (ACIA 2005) . In the last 100 years, the Arctic has experienced a rate of warming double that of the global average (ACIA 2005 , IPCC 2007 . Warming in northern Alaska and western Canada has been particularly pronounced ). Climate change could impact Arctic habitats and wildlife in several ways, including habitat alteration and loss, trophic mismatch between predators and prey, extreme weather events, and changes in hydrology ).
Arctic coastal areas are especially vulnerable to climate change. The total area of summer sea ice in the Arctic has decreased considerably in recent years, and the Arctic Ocean could be ice free during summer in 20 to 30 years (NSIDC 2010) . Ice has receded to > 300 km from the coast of Alaska in the past several summers and the duration of the ice-free period is increasing. Reduced buffering from sea ice results in increased wave energy on coastlines, and leads to storm surges and increased coastal erosion. Significant erosion in some coastal areas of the Arctic Refuge has already occurred, with up to several meters of shoreline lost in single storm events (USFWS, unpubl. data).
Another effect of warming is sea-level rise caused by melting glaciers and thermal expansion of ocean waters (IPCC 2007) . Sea-level rise results in greater likelihood that storm surges will flood coastal areas, impacting wildlife dependent on this habitat. For example, the low-elevation, ephemeral barrier islands that define much of the northern border of the Arctic Refuge provide important nesting habitat for several species of birds, including Common Eider (Somateria mollissima; Kendall 2005) . These sea ducks require driftwood for nesting cover, which typically accumulates on the islands. Flooding can result in redistribution or removal of driftwood, reducing habitat quality for nesting birds. Inundation of nests may also directly cause nest failure, and ultimately may result in loss of the barrier islands themselves if erosion exceeds accretion ).
The lagoons formed between the barrier islands and the mainland are important foraging and staging habitat for many species, including Red-necked Phalaropes (Phalaropus lobatus) and Long-tailed Ducks (Clangula hyemalis). These lagoons are brackish, shallow, and biologically rich. If the islands disappear, this important habitat would be lost.
Coastal areas provide important foraging habitat for post-breeding shorebirds as they build energy reserves for southward migration. We have observed displacement of foraging birds by flooding during peak staging periods, which may have negative energetic consequences. Increased rate of occurrence or severity of flooding would likely create additional energetic stress on staging shorebirds during this critical period in their lifecycle. Oil and gas exploration and development is increasing in northern Alaska (NAS 2003) , creating the potential for additional impacts on birds of the region. There are many leases and developments on State of Alaska lands west of the Arctic Refuge, including recent exploration activities at Point Thomson on the Refuge's western boundary. There have also been recent offshore lease sales in the Chukchi and Beaufort Seas, including waters adjacent to the Arctic Refuge. Direct impacts of exploration and development activities could include contamination of habitat via spills and disturbance to wildlife. There are also several potential indirect and cumulative effects, including enhancement of nest predator populations (NAS 2003) . The northwest portion of the Arctic Refuge is the part of the Refuge nearest existing oil fields and exploration activities. This region appears to be especially important for breeding shorebirds based on the high density of birds observed there (Brown et al. 2007 ).
In this paper we summarize objectives and results for three studies conducted on shorebirds utilizing the Arctic Refuge coastal plain and adjacent coastal habitats, with particular focus on effects of climate change and human development. Studies include investigation of effects of human infrastructure on nest survival, ecology of post-breeding birds as they aggregate in coastal habitats, and a broader investigation of demographic trends for some of the most imperiled shorebird species that breed in the arctic.
From 2002-2005, we evaluated the relationships between nest survival, predator populations, and proximity to human infrastructure (Liebezeit et al. 2009 ). This study arose from concern that human food sources and manmade structures used for nesting, denning, or surveillance by predators in the vicinity of developed areas may increase predator populations or cause shifts in their distribution (Day 1998) . Factors favoring predators may in turn increase predation of nests or young for ground-nesting birds on the Arctic coastal plain (NAS 2003) .
We next turned our attention to the post-breeding period, when shorebirds aggregate in coastal habitats of northern Alaska, including the Arctic Refuge (Taylor et al. 2010) . These habitats are believed to be critical for building energy reserves necessary for migration. Deltaic mudflats appear to be especially significant. In addition to direct effects of flooding and erosion, climate change may impact deltaic mudflats by altering the hydrology of north-flowing rivers which form these deltas. Specific objectives of this phase of our work includes: (1) assess abundance, distribution, timing, species composition and habitat requirements of shorebirds staging on coastal areas prior to fall migration; (2) evaluate movement of birds from breeding sites to and among post-breeding sites; (3) determine how food availability (invertebrates) influences shorebird use of coastal habitats; (4) examine physiological responses of birds to prey availability; (5) evaluate effects of predation on invertebrate populations to determine if prey could be a limiting factor for shorebirds; (6) investigate the influence of wind, tides, and fresh-water inflow on mudflat availability in order to project resource availability under future climate scenarios.
The third and most recent phase of our work addresses the need for further demographic data to determine which life history stage of arctic-breeding shorebirds is limiting population growth, i.e., nesting success, juvenile survival, or adult survival. Determining what limits shorebird populations has been identified as critical for developing effective conservation actions (Brown et al. 2001 , ASG 2008 . Arctic-breeding shorebirds disperse widely during the non-breeding season, making them very difficult to study at that time. Demographic information is therefore best obtained when shorebirds are aggregated on their Arctic breeding grounds. In recognition of this, an international group of shorebird scientists formed the Arctic Shorebird Demographics Network (ASDN) in 2010. Objectives of the ASDN include: (1) evaluate demographic data to assess which specific life history stages are limiting population growth; (2) evaluate environmental factors that can affect shorebirds; (3) enhance understanding of migration routes and overwintering destinations; and (4) compliment other on-going broad-scale monitoring efforts. The Arctic Refuge is participating in the ASDN because of the Refuge's importance for breeding shorebirds and the legacy of avian research and monitoring that the US Fish and Wildlife Service has established here.
METHODS
Study Area.-The coastal plain of the Arctic Refuge extends from the northern foothills of the Brooks Range Mountains to the Beaufort Sea. It is within the Low Arctic region of the Arctic Tundra Biome, and it varies in width from < 10 km to > 50 km (Figure 1 ). Topography of the area is flat to rolling. There are several large rivers that cross the coastal plain as they flow northward from the Brooks Range to the Beaufort Sea. A few of these rivers are of glacial origin, while others are primarily spring fed. Many of the rivers form large deltas where they enter the ocean. The northern boundary of the Refuge is formed by barrier islands, lagoons and coastline.
94
-KENDALL ET AL. - (Figure 2 ). We investigated nest survival and predator abundance as a function of distance to human infrastructure at each site. Other habitat and environmental variables were evaluated as co-variates, including weather, progression of snow melt, habitat in the vicinity of nests, and microtine abundance. A complete description of methods is found in Liebezeit et al. (2009) .
Shorebird Distribution and Abundance at Coastal Staging Sites in the Arctic National
Wildlife Refuge.-This work is ongoing and is composed of three phases: (1) evaluation of distribution and habitat use of shorebirds across northern Alaska (Taylor et al. 2010, Taylor et al. in press); (2) documentation of finer-scale distribution of staging shorebirds on the Arctic Refuge; and (3) investigation of food habits of shorebirds in deltaic habitats. Methods have included conducting aerial and ground based surveys of birds using various coastal habitats, color-banding and radio-tagging birds, assessing fat metabolites and stress hormones in blood samples collected from birds, and collecting soil core samples to identify and quantify invertebrates. The Arctic Refuge Network Site is on the Canning River Delta, which has been identified as an important area for shorebird breeding because of the high density of breeding birds and wetlands found there (Brown et al. 2007 ). Focal species for monitoring at this site include Semipalmated Sandpiper (Calridris pusilla), Dunlin (C. alpina) and Red-necked Phalarope. For each focal species, we monitor nest success and color band adults. We also record environmental data including weather, snow melt chronology, rate of seasonal habitat drying, and invertebrate, predator and microtine abundance. We will return to Network Sites in 2011 to repeat our sampling and re-sight birds that were marked in 2010. Re-sighting data will be used to calculate annual survival rates and estimate nest-site fidelity. The network will be expanded with additional sites in 2011. The ASDN has a planned lifespan of > 5 years.
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RESULTS AND DISCUSSION
Influence of Human Development and Predators on Nest Survival of Tundra Birds, Arctic
Coastal Plain, Alaska.-We found high spatial and temporal variability in several parameters, including nest-success rates and predator abundance. For example, at the Canning River Delta, a site distant from human development located on the Arctic Refuge, we recorded the lowest rate of shorebird nest success for all sites and years in 2002, followed by the highest success rate in 2003 (Figure 3) . We observed similar variability in predator abundance, although predator species such as ravens, gulls, and arctic foxes that are thought to benefit from human activities were generally more common closer to oilfield infrastructure. If proximity to infrastructure does exert a negative effect on nest survival, it may be difficult to detect against this background variability. We did not detect such an effect for shorebirds, although nest survival for Lapland Longspurs (Calcarius lapponicus), a passerine, was lower near infrastructure (Liebezeit et al. 2009 ).
Predator abundance was not significantly related to nest success in our models, although our methods may not have accurately measured abundance of one of the most important predators, Arctic Fox (Alopex lagopus). Foxes tend to be nocturnal and our predator surveys were conducted diurnally. Further, as a terrestrial mammal, foxes are more difficult to detect than aerial avian predators.
Many of the migratory birds breeding in the Arctic experience multiple stressors in overwintering areas and migratory stopover sites as well as on breeding grounds. Conservation measures implemented in breeding areas will benefit these species, but they must be part of a broader strategy to protect the species throughout their annual ranges. We recommended continuing efforts to reduce predator attractants at new developments in the Arctic, such as limiting access to food wastes and designing infrastructure to reduce artificial nesting, perching, and denning opportunities.
Shorebird Distribution and Abundance at Coastal Staging Sites in the Arctic National
Wildlife Refuge.-We identified several highuse areas for post-breeding shorebirds on the Arctic Refuge coast, but there was considerable inter-annual and within-season variability in use of coastal habitats. Factors responsible for this variability may include weather, wind, and water conditions, all of which likely affect food availability. Abundance and distribution of invertebrates is likely to be a primary determinant of shorebird habitat selection during the post-breeding staging period. We saw evidence of this in 2008, when a wind driven storm surge flooded mud flats during the peak staging period in late July. Numbers of shorebirds in our survey areas dropped off dramatically while water levels were high, but rebounded again when they receded. Preliminary results indicate that not only do these events limit habitat and food availability, but they may cause shifts in invertebrate populations as well. Preliminary results also indicate that no one delta is particularly important for post-breeding shorebirds on the Arctic Refuge.
Rather, birds move among favorable sites in response to changing environmental conditions.
Climate change may affect post-breeding shorebirds by increasing frequency and severity of storm surges. Further, glaciers on the Arctic Refuge have receded in recent decades and the rate of recession is accelerating (Nolan et al. 2005) . It is likely that these glaciers will disappear within a few decades (Weller et al. 2007) , with potential impacts on shorebird foraging opportunities. Our preliminary results indicate that substrates on glacially fed river deltas differ from those of non-glacial rivers, and this difference has implications for the 97 -IMPACTS ON ARCTIC SHOREBIRDS - (Liebezeit et al. 2009). types and numbers of invertebrates found on the deltas. We are currently investigating impacts of these climate-related changes on shorebirds using these staging habitats.
Arctic Shorebird Demographics Network.-We conducted studies at nine Network Sites in 2010. We are now reviewing these data and revising study protocols in preparation for 2011 and beyond. Results of the ASDN will guide management decisions and focus research and conservation efforts toward shorebird recovery at the hemispheric scale. We will assess effects of climate change on shorebird distribution, abundance and survival. We will also monitor contaminant loads in arctic-breeding shorebirds, identify migration routes and overwintering habitats using genetic, stable isotope, and geolocator technologies, and evaluate physiological condition of birds when arriving and departing the Arctic. Our efforts compliment the Program for Regional and International Shorebird Monitoring (PRISM), an on-going, broad-scale, monitoring effort designed to estimate population size and trends for several shorebird species (Skagen et al. 2004, Bart and Earnst 2005) . Finally, ASDN participants are evaluating other factors that may affect arctic-nesting shorebirds, such as weather, predator populations, and prey availability (e.g., insects). These data will assist in prediction of, and adaptation to, impacts from current and expected changes in arctic climate and habitats.
CONCLUSIONS
The Arctic is experiencing disproportionately rapid changes associated with accelerating climate change and human development. Effective management of wildlife populations and habitats in the Arctic will require prediction of future conditions, which is complicated by uncertainties associated with climate models ) and cumulative effects of human activities (NAS 2003) . Our studies of shorebirds on the Arctic Refuge are a small piece of the larger effort required to evaluate impacts of these changes on arctic birds and their habitats. Long-term monitoring and research, such as that provided by the ASDN, will be especially valuable for developing effective conservation measures to mitigate impacts of future environmental perturbations. 
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